G enerating a diverse repertoire of B cells reactive against foreign Ags, yet tolerant to self-constituents, is imperative for an effective immune system. Random gene rearrangement at the Ig loci results in the majority of newly formed B cells being self-reactive (1) . Studies using Ig transgenic mice have established that newly formed bone marrow (BM) B cells expressing self-reactive BCRs are rendered innocuous by mechanisms including apoptosis, induction of anergy, or receptor editing (2) .
In the case of peripheral B cell tolerance, models have primarily focused on B cell autoreactivity against tissue-specific Ags. An early study using a thyroid-specific self-antigen-expressing mouse model failed to reveal any selection mechanisms against autoreactive B cells, which was attributed to a lack of access to selfantigen (3) . On the other hand, B cell elimination or arrest at the transitional stage was evident in liver-specific self-antigen mouse models (4, 5) . In a polyclonal repertoire, the existence of peripheral tolerance mechanisms is supported by the striking observation that the frequency of self-reactive B cells declines decidedly after egress from the BM and before entry into the pool of naive mature recirculating B cells (1) . Indeed, studies have shown that rheumatoid arthritis and systemic lupus erythematosus patients have a defect at this second critical checkpoint (6, 7) .
The earlier findings suggest that a large proportion of selfreactive B cells are eliminated as transitional B cells progressing toward full maturity and immunocompetence in the spleen. Transitional B cells are subdivided into the transitional 1 (T1) and the more mature transitional 2 (T2) subsets (8) (9) (10) (11) ). An additional splenic B cell subset that was originally designated transitional 3 cells and bears a surface marker phenotype similar to T1 and T2 cells has since been recognized as containing the short-lived anergic "An1" B cell subset (12) . Histologic evidence suggests that T1 B cells reside in the red pulp, whereas T2 B cells enter the follicle (9, 10) . Similar to immature B cells in the BM, T1 B cells are prone to apoptosis, particularly in response to BCR engagement. T2 B cells are less sensitive to apoptosis and are able to survive and proliferate in response to Ag if provided with T cell help in the form of IL-4 or CD40 stimulation; however, T2 B cells are inefficient at eliciting these responses because of their incapacity to upregulate T cell costimulatory molecules (13) . Little is known regarding the microenvironmental cues that promote the maturation or, in the case of self-antigen recognition, elimination of transitional B cells.
In the secondary lymphoid organs, .90% of B cells are in intimate contact with the vast network of follicular dendritic cells (FDCs) (14) . FDCs present Ag to B cells in the form of immune complexes and opsonized foreign Ags by Fc and complement receptors, respectively. These interactions are important for B cell selection and contribute to affinity maturation during the germinal center response (15) . Indeed, recent studies have shown that inducible ablation of FDCs results in dissolution of germinal centers (16) . Selection of self-reactive B cells by Ags displayed on FDCs has not been addressed despite the fact that complement components can also bind self-constituents, and germinal center and memory B cells are noted to express self-reactive IgG that can serve as a source of immune-complexed self-antigen (17, 18) . To address whether FDCs displaying self-antigen can select selfreactive B cells in a definitive and physiologic setting, we generated a mouse model to conditionally express self-antigen on FDCs. Two contrasting outcomes could be envisaged: 1) the immunogenic properties of FDCs and synapse formation with Agspecific B cells may promote the activation and survival of selfreactive B cells, or 2) the tolerogenic program of newly formed B cells may confer susceptibility to apoptosis upon BCR engagement. Our results support the latter theory, showing that FDCs mediate effective elimination of self-reactive B cells at the transitional stage. Thus, to our knowledge, ours is the first report of self-reactive transitional B cell elimination by encounter with FDC-displayed Ags in the spleen, a location where B cells naturally progress from transitional to mature cells.
Materials and Methods

mDEL
loxp mouse generation
The duck egg lysozyme (DEL) construct was synthesized according to the published amino acid sequence with one modification at Y3F, which eliminates an epitope for I-A b -restricted T cells (19, 20) . Synthesized DEL was fused to the MHC class I transmembrane and cytoplasmic tail cDNA sequence region isolated from a C57BL/6 mouse and cloned into the LB2-FLIP lentiviral vector (21) (Hynes Laboratory) (Fig. 1A) . High titer lentivirus (5.7 3 10 9 viral particles/ml) was injected into C57BL/6 embryos as described previously (22) . Germline transmission of the transgene was confirmed by PCR of the membrane-bound DEL (mDEL) transgene and expression of surface marker Thy1.1 by flow cytometry. The following primers were used to indicate the presence of the transgene: forward primer, 59-TGA GAT CAG ACA TAA CAG AGG CCG-39, and reverse primer, 59-GCT AGA GAA TGA GGG TCA TGA ACC-39 (94˚C, 3 
Flow cytometry
Single-cell suspensions from spleen, lymph node, and BM were incubated with either biotinylated HEL (Genetex) or with soluble HEL followed by biotinylated anti-HEL Ab (Rockland). The following Abs were used from eBioscience unless otherwise noted: anti-B220 (RA3-6B2), -CD3 (145-2C11), -Thy1.1 (HIS51), -CD21/35 (8D9), -CD23 (B3B4), -IgM (II/41), -CD93 (AA4.1), -IgD (11-26), -CD24 (M1/69), -CD86 (PO3.1), -CD69 (H1.2F3), -MHC class II (M5/114.15.2), -CD138 (281-2; BD Pharmingen), -GL7 (BD Pharmingen), -FAS (BD Pharmingen), -IgG1 (A85-1; BD Pharmingen), -BAFFR (H22-E16), and streptavidin-PerCP-Cy5.5, and PECy7. Live cells were assessed by forward and side scatter profiles. For intracellular Bim stain, splenocytes were incubated with surface Abs and fixed in BD Cytofix/Cytoperm (BD Biosciences) for 15 min on ice, washed two times, and incubated overnight with Permeabilization Buffer (eBioscience). Splenocytes were subsequently incubated with anti-Bim rabbit mAb (C34C5; Cell Signaling Technology) or isotype control (rabbit DA1E mAb IgG; Cell Signaling Technology) followed by secondary FITCconjugated donkey anti-rabbit (Jackson Immunoresearch). For intracellular Akt phosphorylation (p-AKT) staining, two million splenic cells were incubated at 37˚C and stimulated with anti-IgM F(ab9) 2 (Jackson Immunoresearch Laboratories) at a concentration of (10 mg/ml) for the indicated time point. Stimulations were halted by adding 37˚C BD Cytofix/Cytoperm buffer for 10 min and washing two times with Permeabilization Buffer. Cells were subsequently incubated with surface Abs in FACS buffer, washed, and incubated in 0.2% saponin buffer with p-AKT Ab (Ser473, D9E; Cell Signaling) for 1 h and secondary anti-rabbit FITC Ab for 1 h. For the detection of DNA strand breaks, splenic B cells were isolated and labeled with fluorescein-29-deoxyuridine 5-triphosphate (In Situ Cell Death Detection Kit; Roche) according to manufacturer's instructions. All cells were acquired on a FACSCanto using FACSDiva software (BD Biosciences) and analyzed using FlowJo software (Tree Star). Data are displayed with logarithmic scale.
In vitro culture
B cells were isolated from splenic cells according to standard procedures and were cultured in a 96-or 48-well plate at 1.5 3 10 6 B cells/ml in complete RPMI 1641 media with or without soluble HEL or DEL (500 ng/ml) for 16 h.
T cell-B cell collaboration
T cells were isolated from OTII spleens by negative MACS sorting of cells labeled with biotinylated anti-B220, -CD11b, and -CD11c (eBioscience) Ab followed by anti-biotin MACS beads (Miltenyi Biotec). B cells were isolated from Cd21 cre mDEL loxp or control spleen by negative MACS sorting of cells labeled with anti-CD43 MACS beads (Miltenyi Biotec). T and B cells were labeled with 2.5 mM CFSE (Molecular Probes) according to manufacturer's instructions and cocultured at 1.75 3 10 6 cells/ml (1 3 10 6 B cells/ml and 0.75 3 10 6 T cells/ml) in the presence of OVA peptides 323-239 (500 ng/ml), OVA (1 mg/ml), or HEL-OVA (2 mg/ml) for 3 d.
Calcium flux
Two million splenic B cells were isolated and resuspended in media with Fluo-4 at 10 mM (Molecular Probes). Cells were incubated at 37˚C for 30-45 min in the dark, washed with media, and labeled with B220-PE for 20 min. Stimulations to induce calcium release were done with either antiIgM F(ab9) 2 or with HEL-allophycocyanin fusion protein generated by combining biotinylated HEL with streptavidin-conjugated allophycocyanin at a 5:1 ratio by weight for 5 min.
Immunofluorescence microscopy
Splenic tissue was embedded in Tissue-TEK OCT compound (Sakura Finetek U.S.A., Torrance, CA) and frozen at 280˚C. Frozen tissue was then sectioned, mounted on Superfrost/Plus microscope slides, fixed in cold acetone for 10 min, and blocked with 5% FBS and 1% BSA in PBS for 1 h. Sections were first incubated with soluble HEL for 30 min. Tissues were then stained with the following Abs: biotinylated anti-HEL (Rockland), streptavidin Cy3 (Jackson Immunoresearch), CD5 (53-7.3), and IgD (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) . Histology sections were imaged with a Zeiss Axio ImagerM1 using Slidebook software (Intelligent Imaging Innovations, Denver, CO).
Statistical analysis
All statistical analysis was performed by using unpaired, two-tailed, Student t test. The p values ,0.05 were considered significant.
Results
Reduced self-reactive B cells in mice expressing mDEL on FDCs
To study the effect of FDC-bound self-antigen on late-stage development of self-reactive B cells, we generated a transgenic mouse line, mDEL loxp , that conditionally expresses the "self" protein duck egg lysozyme (DEL) in membrane-bound form (mDEL) after Cremediated recombination (Fig. 1A) loxp recipient mice led us to examine the transitional B cell compartment in the spleen (13) . Using common surface markers to delineate T1, T2, and mature follicular B cell subpopulations (8, 10), we noted no significant differences in the percentage (Fig. 3A) or absolute number (Fig.  3B) Partial activation of a subset of self-reactive B cells in mice expressing mDEL Despite the dramatic loss of self-reactive B cells at the transitional stage, flow cytometric analysis also revealed the presence of a low-HEL-binding subpopulation of B cells that was present in the spleen, but not in the lymph node or peripheral blood, of RCd21 cre mDEL loxp recipients and was not present in control mice (Fig. 4A, 4B, Supplemental Fig. 1D, 1E ). This phenotype reflected decreases in both surface IgM and IgD, suggesting that these cells had encountered Ag (Fig. 4B) (29) . The reduced frequency of T2 and follicular HEL-binding B cells in RCd21 cre mDEL loxp mice suggests that the high-HEL-binding population represents transitional B cells that have yet to encounter FDCs displaying mDEL. As predicted, the majority of high-HEL-binding B cells displayed high CD93 levels (assessed by the AA4.1 Ab), consistent with the phenotype of transitional B cells (Fig. 4B, right  histogram) . The low-HEL-binding population consisted mostly of AA4.1 low B cells (Fig. 4B , right histogram) and may represent B cells that have matured before encountering DEL self-antigen, or are Ag-experienced late-stage transitional B cells that require multiple antigenic "hits" before elimination, as previously suggested (30) . (Fig. 4C, Supplemental Fig. 2C ). This subpopulation of activated B cells was not present in nonlymphoid tissues (Supplemental Fig. 1C ) and could not be induced with serum from Cd21 cre mDEL loxp or control mice (Supplemental Fig. 1F ), consistent with FDC-restricted expression of mDEL in membrane form. Although the low-HEL-binding B cells expressed higher levels of activation markers, immunohistologic staining did not reveal germinal centers and flow cytometric analysis confirmed that the low-HEL-binding B cells were not germinal center B cells (data not shown). Splenic sections from RCd21 cre mDEL loxp mice also showed that the majority of HEL-binding B cells were at the T-B border, a location consistent with the documented movement of Agactivated B cells seeking T cell contact (31) (Fig. 4D) . The population of B cells with low-HEL-binding capacity and elevated activation marker expression was restricted to the spleen (data not shown), suggesting that the HEL-binding B cells that encounter self-antigen bound to FDCs do not egress from the secondary lymphoid organs but are eliminated at the site of Ag encounter.
Assessment of various B cell activation markers indicative of Ag experience revealed that low-HEL-binding B cells in RCd21
HEL-specific B cells from mDEL-expressing mice are unable to induce T cell proliferation
Given the location and the activated phenotype of the HEL-binding B cells in RCd21
cre mDEL loxp mice, we sought to determine whether these B cells could successfully stimulate Ag-specific (Fig. 4E, top row) . As expected, T cells did not proliferate in the presence of intact OVA protein (Fig. 4E, middle row) . Strikingly, HEL-specific B cells from control mice, but not from RCd21 cre mDEL loxp mice, induced T cell proliferation in the presence of HEL-OVA protein (Fig. 4E, bottom row) . Although HEL-binding B cells migrated to the T-B border (Fig. 4D) , these results indicate that HEL-specific B cells from RCd21 cre mDEL loxp mice showed increased amounts of p-AKT after stimulation with anti-IgM F(ab9) 2 (Fig. 5A) . Gating on the low and high Cd21 cre mDEL loxp HEL-binding populations showed similarly increased p-AKT levels (data not shown). Analysis of intracellular calcium levels by flow cytometry also revealed a similar degree of calcium release between control and RCd21 cre mDEL loxp HEL-binding B cells (Fig. 5B) . Together, these findings indicate that the PI3K-and PLCg2-dependent pathways and upstream tyrosine kinase activity induced by BCR engagement remain intact in HEL-binding self-reactive B cells from RCd21 Cre mDEL loxP recipients than in controls lacking DEL (Supplemental Fig. 3C ), indicating that they are rapidly eliminated. It has been reported that the proapoptotic BH3-only Bcl-2 family member Bim is increased in anergic B cells and is a key factor in the elimination of self-reactive B cells (32, 33) . Analysis of intracellular Bim expression in splenic B cells revealed that the low-HEL-binding (Fig. 5D) . Consistent with increased Bim expression, TUNEL assay revealed that HEL-binding B cells from RCd21 cre mDEL loxp mice were more prone to apoptosis (Fig. 5E ).
BAFF does not rescue self-reactive B cells
Studies in mouse models have shown that anergic B cells can be rescued from apoptosis with excess BAFF, and that BAFF signaling leads to Bim phosphorylation and degradation (34) (35) (36) . Moreover, elevated serum BAFF levels are present in patients with autoimmune diseases such as systemic lupus erythematosus, rheumatoid arthritis, and Sjögren's syndrome (37) . To determine whether excess BAFF can rescue HEL-binding B cells in RCd21 cre mDEL loxp mice, we injected soluble BAFF into the peritoneum of RCd21 cre mDEL loxp mice for 6 consecutive days, as described previously (38) . The frequency of HEL-binding B cells in the spleen was assessed on the seventh day after the initial BAFF injection. Although exogenous BAFF promoted the accumulation of naive B cells, the frequency of self-reactive, HEL-binding B cells was similar in RCd21 cre mDEL loxp recipients injected with BAFF or PBS (Fig. 6A) .
Because (Fig. 6B, 6C ). Thus, excess BAFF does not alter the fate of transitional B cells recognizing FDCbound self-antigen.
Discussion
In this article, we report that FDC-bound self-antigen eliminates self-reactive B cells at the transitional stage, providing a cellular context for peripheral tolerance events in the spleen. Although the T1 B cell subset remains intact, a sharp reduction of self-reactive T2 B cells is observed, indicating failed progression from the T1 to T2 stage. This model is the first to show that late-stage self-reactive transitional B cells can be eliminated in the spleen where B cells complete maturation and collaborate with other cell types to mount an immune response. It is also, to our knowledge, the first model to show that self-antigen retained specifically on FDCs can mediate sustained and effective elimination of self-reactive B cells, preventing their entry into the long-lived pool of recirculating B cells. As such, this model will provide a valuable system to investigate the molecular cues regulating the T1-T2 checkpoint.
B cells are highly mobile both within and between the lymphoid tissues. Thus, the physiologic context of Ag recognition is an evolving landscape. In addition, effects of Ag filtration, opsonization, and cell-associated transport impact where and how B cells recognize cognate Ag (39) . FDCs are strategically located within the B cell follicle and have the unique capacity to retain Ags for extended periods (40) . Indeed, the individual Ag transport functions of marginal zone macrophages, dendritic cells, and even noncognate B cells facilitate the process of Ag delivery to FDCs. In addition, expression of CXCL13 and VCAM/ICAM promotes the association of B cells and FDCs to facilitate recognition of cognate Ag. In the context of the germinal center response, B cells compete for FDC-displayed Ag, resulting in the selection of highaffinity B cells for subsequent differentiation into memory B cells and plasma cells (41) . FDCs are also important for marking apoptotic cells for engulfment by macrophages (42) , and a recent study showed that presentation of shed placental material specifically retained on FDCs can tolerize Ag-specific T cells (43) .
Our studies raise the possibility that FDCs may also serve an important function in the long-term retention and display of selfantigens. In this scenario, newly formed self-reactive B cells would be eliminated in the spleen, even under circumstances where the exposure to self-antigen was transient or episodic. There are some correlative observations that are consistent with a role for FDCs in promoting B cell tolerance (1). Self-reactive IgG-expressing memory B cells and plasma cells are generated as a by-product of random V gene diversification in the germinal center (44, 45) . Thus, autoantigen-containing immune complexes could be retained by FDCs (2) . Complement deficiencies are associated with lupuslike symptoms in humans and mice, which has been attributed to a failure to clear immune complexes, as well as direct effects on B cell selection (46) . (3) FcgRIIB is an important negative regulator of B cell activation via the BCR, and its loss results in impaired B cell tolerance (47, 48) . However, it remains to be determined whether FcgRIIB-mediated retention of self-antigens by FDCs also contributes to the maintenance of B cell tolerance (49) .
After leaving the BM, a transitional B cell requires approximately 2 d to become a mature recirculating B cell (50) . The striking differences in the responses of T1 versus mature B cells in response to BCR engagement and other factors indicate distinct genetic programs. This supposition is supported by recent studies examining microRNA (miRNA) expression in immature, transitional, and mature B cell subsets (51) . Immature IgM + B cells in the BM have an miRNA signature that is highly divergent from that of T1 cells, suggesting the influence of microenvironmental factors such as BAFF in regulating miRNA expression. Although T1 cells undergo apoptosis in response to BCR engagement, they require signaling via the BAFF-R to mature to the T2 stage (52, 53) . Previous work has shown that elevated BAFF can break tolerance of self-reactive B cells depending on the B cell stage of arrest (34, 36) . In this regard, SW HEL B cells that were exposed to membrane HEL during development in the BM were not rescued in the presence of increased BAFF levels (34), consistent with the fact that BAFF-R expression is induced at the transitional stage of B cell development (52, 54) . In contrast, HEL-binding B cells exposed to soluble HEL during development could mature into follicular and marginal zone B cells when BAFF is overexpressed, indicating a breach in tolerance (34, 36) . Moreover, elevated BAFF could also rescue self-reactive B cells in pAlb mice in which selfantigen encounter occurs exclusively in the liver (4) . We show that late transitional self-reactive B cells encountering membrane-bound self-antigen on FDCs are BAFF-responsive yet do not survive, even when BAFF is overexpressed. These results reinforce the notion that increased BAFF levels do not overcome the apoptotic signals (Bim) from repeated Ag encounter on FDCs, and suggest that the frequency and quality of Ag encounter, along with the developmental stage of the B cell, dictate survival or elimination in the spleen.
Despite the strong impact of the developmental block at the T1→T2 stage, we found that some self-reactive HEL-binding B cells escaped or were not subjected to negative selection at this checkpoint and showed evidence of Ag experience indicated by BCR downregulation and upregulation of costimulatory molecules and activation markers. Nonetheless, these cells were unable to productively interact with cognate T cells to induce T cell proliferation. These results suggest that these self-reactive B cells are impaired in Ag presentation capabilities, despite their localization in the outer periarteriolar lymphoid sheath where productive responses to foreign Ags occur. Another important factor in determining the outcome of T cell interaction with tolerant B cells is timing. Cooke et al. (55) determined that the avidity or quality of Ag binding determines the length of the "window of opportunity" for productive T cell interaction. A similar window of T cell help after Ag encounter has been proposed for transitional B cells based upon in vitro studies (56) . Extrapolating from our findings, as well as prior microscopy studies (57), we propose that sustained and iterative high-avidity interactions with FDC-bound Ag may irreversibly program the self-reactive B cells for apoptosis.
In summary (Supplemental Fig. 4 ), we envision a developmental pathway in which T1 B cells that have not previously encountered self-antigen in the BM continue maturing toward T2 B cells and enter the follicle to encounter self-antigen on the extended processes of the FDCs. This encounter results in the failed progression to, or rapid elimination of, self-reactive T2 B cells. Because of low abundance of Ag or B cell migration pattern, some of the selfreactive B cells may not encounter self-antigen until a later stage of maturation, becoming partially activated and instructed to move to the outer periarteriolar lymphoid sheath. Repetitive encounters with self-antigen on FDCs may result in increased Bim protein in these partially activated self-reactive B cells, thereby promoting their elimination by apoptosis. Alternatively, they may not be competent to elicit T cell help or may undergo active elimination by T cells. Thus, these studies introduce retention of peripheral selfantigens as a facet of FDC function that could serve to eliminate self-reactive B cells newly arriving from the BM.
